Steel corrosion in reinforced concrete (RC) structure is such a critical problem to structural safety that many researches have been performed for maintaining required performance during intended service life. This paper is for a numerical technique for obtaining optimum concrete mix proportions through genetic algorithm (GA) for RC structures under carbonation which is considered as a serious deterioration in underground sites and big cities. For this study, mix proportions and CO 2 diffusion coefficients are analyzed through the previous studies, and then the fitness function of CO 2 diffusion coefficient is derived through regression analysis. The fitness function from 69 test results includes 5 variables of mix proportions such as w/c (water to cement) ratio, cement content, sand content percentage, coarse aggregate content, and R.H. (relative humidity). Through GA technique, simulated mix proportions are obtained for 12 cases of verification and they show reasonable results with average relative error of 4.6%. Assuming intended service life and design parameters, intended CO 2 diffusion coefficients and cement contents are determined and then related mix proportions are simulated. The proposed technique can provide initial concrete mix proportions which satisfy service life under carbonation.
Introduction
CO 2 concentration is increasing due to fossil energy consumption and this causes more carbonation damage to RC structures [1, 2] . Carbonation means that pH in pore water drops to about 10.5 due to intrusion of exterior CO 2 [3] and consumption of CaOH 2 . In carbonated concrete, embedded steel is easily corroded. It is so critical deterioration phenomenon that it should be considered in durability design for underground RC structures or those in metropolitan cities which have high CO 2 concentration.
With higher CO 2 concentration, carbonation depth increases but this can be comparatively controlled by a design of concrete mix proportions. The influencing parameters on carbonation are reported to be type of cement, unit content of cement, type of aggregate, and so on [2] . Semiempirical prediction techniques, so-called mesolevel, have been proposed and they are still utilized for the sake of simple and practical application [4, 5] . Carbonation mechanism can be explained as diffusion of CO 2 and carbonatable materials like calcium hydroxide (Ca(OH) 2 ) and calcium silicate hydrates (C-H-S). CO 2 diffusion represents how fast CO 2 gas (or liquid) intrudes into concrete, so that concrete with high CO 2 diffusion coefficient allows rapid carbonation. From the defensive point of view for carbonation, concrete with larger carbonatable materials can keep high alkali so long as they are not fully consumed due to carbonation reaction. From 1980, several physico-chemo carbonation models have been proposed. They are all constructed by both modeling on diffusion coefficient based on pore structure and modeling on carbonic reaction based on dissociation of carbonatable materials [3, [6] [7] [8] . Carbonation modeling for cracked and joint concrete is similarly performed considering the larger CO 2 intrusion due to crack effect and cold joint effect [9] [10] [11] [12] . Recently, carbonation prediction techniques are proposed through experimentally measuring CO 2 diffusion coefficient 2 Advances in Materials Science and Engineering [13] [14] [15] and numerically obtaining CO 2 diffusion coefficient through neural network algorithm [16] .
If environmental conditions like CO 2 concentration, temperature, and R.H. are quantitatively evaluated, intended carbonation depth in design stage can be determined considering design cover depth and intended service life. Provided that various mix proportions and the related CO 2 diffusion coefficients are experimentally given, intended CO 2 diffusion coefficient satisfying the intended service life can be obtained. Then mix proportions satisfying the intended CO 2 diffusion coefficient can be obtained through optimization technique as well.
GA (generic algorithm) technique is a representative optimization technique and widely utilized in civil engineering. Through reverse analysis, the parameters which satisfy the fitness function can be derived so that application of GA has been extended. For the application of GA to concrete researches, mix proportion optimizations are performed only for strength prediction in HPC (high performance concrete) [17, 18] . With regard to durability design for service life, very limited research has been performed for chloride attack [19] . For carbonation, optimization of mix proportions has not been carried out so far.
In this paper, CO 2 diffusion coefficients and the related mix proportions are investigated. Based on 69 mix proportions and diffusion coefficients; the fitness function for CO 2 is derived through MATLAB with parameters of mixing variables (w/c ratio, unit content of cement, and fine and coarse aggregates) and exterior variables (R.H.). Through comparison with the previous test results, the applicability of GA technique for optimum mix proportions is verified. Assuming the intended service life and environmental conditions, the intended CO 2 diffusion coefficient is calculated. Finally, the mix proportions which satisfy the intended CO 2 diffusion coefficient are derived through GA technique. This technique can be utilized for performance-based concrete mix design. The techniques for carbonation prediction and optimization of mix proportions are dealt with in this paper.
Background of GA and Influencing
Parameters on Carbonation [20, 21] . GA technique starts with an initial set of random solutions called population. Each individual in the population is called a chromosome, which represents a solution to the problem at hand. The evolution operator simulates Darwinian evolution process to create population from generation to generation. The availability of genetic algorithm depends on its ability to keep existing parts of solution, which have a positive effect on the outcome, and proceed with optimizing the nonoptimal part. The transition rules which combine and change those samples for improving the solutions are probabilistic and not deterministic. This enables genetic algorithm to reach a global optimum without being fixed in local optima [18] . In the selection stage, GA fundamentally starts from Darwinian natural selection and the initial individuals are selected in this process. Selection provides the driving force in genetic algorithm, and selection pressure is critical in it. The selection directs genetic algorithm search toward promising regions in the search space [18] . The second stage, crossover is the most important genetic operator in which the bit-strings of two (or more) parents are cut into two (or more) pieces and the parts of bit-string are crossed over. The point where the parents are cut is randomly determined. Through the crossover operator, a new child population has been created using inherited values from the parent population. Mutation operator is used to insert new information into the new population, preventing GA from getting stuck in certain regions of the parameter space [18] . Mutation consists of making slight changes in parameters of child population after they have been generated by crossover. More detailed information on GA can be found in many researches [17] [18] [19] [20] [21] . The process of GA is presented in Figure 1 .
Study of Carbonation Parameters and Prediction Techniques.
Influencing parameters on carbonation can be classified into two groups. One is for external parameters regarding environmental conditions and the other is for internal parameters regarding diffusion coefficient and carbonatable materials. Considering these parameters, many carbonation prediction techniques have been proposed in semiempirical form. These equations assume that carbonation depth is proportional to square root of exposed time. This assumption was verified through experiments, field investigations [1, 2, 9, 22] , and analytical solution [6, 23] . In Table 1 , carbonation parameters are summarized. Conventional techniques for carbonation prediction are listed in The flowchart for this study is shown in Figure 2 . Through this study, fitness function for diffusion coefficient, intended diffusion coefficient for service life, and mix proportions satisfying intended diffusion coefficient are derived using GA technique. 2 [14, 16] . For the derivation of fitness function, the previous test results are adopted. In the test, CO 2 diffusion coefficients were measured through diffusion cell. Three different mix conditions and 4 different R.H. were considered [14] . So far, several researches have been reported for the test of CO 2 diffusion coefficients; however, they are not for concrete but for cement mortar or cement paste [6, 13] . Very limited cases are reported for CO 2 diffusion coefficient in concrete. In Table 3 , the procedures for the adopted test are summarized. Mix proportions and cement properties are listed in Table 4 . The test adopted in this paper covers only OPC (Ordinary Portland Cement, type I) concrete since concrete with mineral admixtures has different carbonation behavior due to the decreased diffusion coefficient and pozzolan reaction [3, 7] . with high saturation allows active carbonation reaction but low diffusion of CO 2 , and concrete with low saturation allows high diffusion of CO 2 but it has little H 2 O for carbonic reaction. With higher R.H. and lower w/c ratio, CO 2 diffusion coefficients decrease as in Figure 3 . In Figure 3 , several results For the relation with mix proportions and CO 2 diffusion coefficient, fitness function with mix components should be obtained. In the previous researches, fitness function for strength was derived through linear multiregression curve, which contained the variables of mix components like w/c ratio and unit amount of cement [18] . Unlike the fitness function for strength, R.H. is very critical to CO 2 diffusion coefficient, so that both mix components (w/c ratio, content of cement, sand ratio, and content of coarse aggregate) and R.H. are considered as variables in the fitness function in this analysis.
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In the optimization technique, many local solutions can be obtained. For avoiding convergence to local solution, initial variables (starting variables) and wide ranges for each solution are necessary. Even wide ranges of solutions are considered, local solutions may be obtained because of the initial variables in conventional optimization techniques, so that GA technique is preferred for searching solution in overall ranges. The variables and the related ranges are listed in Table 5 . With larger unit content of cement, diffusion coefficient decreases, so that in Table 5 is set to have below zero. w/c ratio is assumed to have a range of −100∼100. S/a (sand to total aggregate) and have relatively small effect on CO 2 diffusion, so that they are assumed to have small range of −10∼10. CO 2 diffusion coefficient is much dependent on R.H., so that the range of R.H. is assumed as −30∼30.
Typical multiregression analysis is shown in (1). In (2), additional term for the consideration of R.H. is added. Averages of relative error are evaluated to be 17.3% from (1) and 7.6% from (2), respectively. The results of multiregression curves are listed in Table 6 . For the derivation of constant in (1) and (2), GA technique is utilized. Consider
In Figure 4 , the results of regression analysis ( (1) and (2)) and test results (averages) are compared. As shown in Figure 4 , when (1) is selected, it provides a big error for the case of high w/c ratio (w/c 58%), so that (2) is selected for fitness function for this study. For the case of w/c 58%, (1) Advances in Materials Science and Engineering shows the relative error range of 10.6∼24.3% but (2) shows 3.3∼14.2%. If a better fitness curve can be defined through nonlinear regression analysis, it would provide the more reasonable mix proportions based on the test dataset. CO 2 diffusion coefficients are strongly dependent on mix proportions. The contours are shown in Figure 5 . Case 1 represents w/c 42% in Table 4 , where unit cement content is changed from 277 kg/m 3 to 425 kg/m 3 and R.H. is changed from 10% to 90%. Cases 2 and 3 show the simulations of CO 2 diffusion coefficient in w/c 50% and 58%, respectively. With larger cement content and higher R.H., CO 2 diffusion coefficients decrease in every case.
Evaluation of GA Applicability to Generating Mix Proportion.
In order to evaluate the applicability of GA, verification is performed for 3 different cases (w/c 42% with R.H. 10%, w/c 50% with R.H. 75%, and w/c 58% with R.H. 90%). Population size is set as 20 and the number of generation is set as 10,000 for avoiding early convergence. For formation of 1st generation, uniform function is adopted. For parent selection for next generation, stochastic uniform function is utilized and two superior chromosomes are transferred to next generation. Crossover function of two-point is adopted and normal distribution is considered for mutation operator with mutation ratio of 0.8.
Determination of up/down boundary conditions is important to obtain each mix component and this needs user's experience. The range of boundary conditions, obtained mix components through GA, and the range of relative errors are listed in Table 7 . Output results are mix component and CO 2 diffusion coefficient. R.H. is set to fix since it can be known from exterior condition. The fixed R.H. is made through letting up/down boundaries have the same R.H. value.
For 12 data [14] , the comparison with test and simulated results from GA are shown in Figure 6 (a) with regard to CO 2 diffusion coefficient, which shows a reasonable agreement. In Figure 6 (b), the comparison of relative errors is shown for 12 cases and the average relative error of each component is shown in Figure 6 (c). The processes of searching the optimum solutions are plotted in the case of w/c 42% with R.H. 10% from Figure 7 (a) to Figure 7 (e).
As listed in Table 7 , this technique reasonably estimates the CO 2 diffusion coefficients and mix proportions with −5.0∼10.1% of relative errors. Relative error (%) −0.9 2.4 0.5 6.4 6.3
Advances in Materials Science and Engineering
The bold numbers are results from GA.
Advances in Materials Science and Engineering If reduction factors or safety factors are considered [26, 27] , conservative design can be induced. However, intended diffusion coefficient is derived assuming 1.0 of reduction and safety factor in this paper. Generally, underground site and urban area are reported to be the environments where durability design for carbonation is necessary since they have relatively high CO 2 concentration and normal R.H.
(50%∼70%). In the previous research [25] , durability design for carbonation is strongly recommended over 300 ppm of CO 2 concentration. In urban cities, CO 2 concentration over 350 ppm is reported; furthermore, CO 2 concentration over 650 ppm is reported in underground sites like subway structures [25] . Several specifications [26] [27] [28] guide durability design for carbonation in urban cities and underground structures. in underground site. Extremely high CO 2 concentration of 2,700 ppm is assumed for A structure and 980 ppm which is normal condition in underground structure is assumed for B structure. Durability limit state is determined as the condition when carbonation proceeds to steel location [23, 27] . For governing equation, mesolevel equation from CEB [23] is adopted as follows: where is carbonation depth (mm), 1 is constant for local condition, 2 is constant for curing condition, 3 is constant for locally different w/c ratio, Δ is CO 2 concentration (kg/m 3 ), CO 2 is CO 2 diffusion coefficient (m 2 /sec), is carbonation reaction function with hydrate amount, is constant for cyclic drying and wetting, 0 is reference time (1 year), and is exposed period (year).
Mix Design Considering Exterior
For considering the effect of temperature on carbonation, a parameter like (4) is considered [4] . Consider
where ref is referential CO 2 diffusion coefficient, is activation energy of CO 2 (8500 Cal/mol⋅K), is universal gas constant, ref is reference temperature (298 K), and is exterior temperature (K).
In (3), the target structure is assumed to have normal construction level and to be sheltered from rain and 1 , 2 , 3 , and can be assumed as 1.0 and 0.0, respectively [23] . Considering the temperature parameter, (3) can be written as follows:
where can be expressed as follows (CEB 1997):
where is unit content of cement (kg/m 3 ), CaO is content of CaO (calcium oxide, 0.65), is hydration rate (0.85), and is molar weight (CO 2 : 44 g/mol, CaO: 56 g/mol).
In (5), Δ , , , and are given by design parameter. Considering the durability limit state (carbonation depth = cover depth), intended diffusion coefficient can be calculated.
The design parameters above are summarized in Table 8 . In (5), two unknown variables exist so that unit content of cement is assumed referring to conventional mix proportions in domestic condition [25] . Four different contents of cement are assumed and the related intended diffusion coefficients are derived through (5).
Derivation of Optimum Mix Proportions.
In this section, optimum mix proportions are derived through GA technique. The fitness function of (2) is utilized for obtaining mix components with fixed R.H. and cement content.
The results of mix proportions are listed in Table 9 .
As shown in Table 9 , intended diffusion coefficient and unit cement content are given and mix proportions for concrete can be obtained through GA technique. When this technique is applied, convergence of relative error to 0.0 should be checked.
In this paper, fitness function for CO 2 diffusion coefficient is derived based on the previous test results, and then concrete mix design is proposed through GA technique. However, this technique is only for OPC concrete mix design and has limitation of range for mix proportion. The applicable ranges of unit content of cement and w/c ratio are 277 kg/m 3 ∼425 kg/m 3 and 0.42∼0.58 since both the fitness function and the process for generating each mix proportion are governed by test dataset which is previously adopted.
With more data-set containing CO 2 diffusion coefficient and an accurate fitness function, the proposed technique would be much improved. This technique is applied for mix proportion of concrete under carbonation. With similar procedures, this can be applied to generation of mix proportions which can guarantee the service life of RC structures exposed to different deteriorations like chloride attack, freezing and thawing action, and sulfate attack.
Concluding Remark
The conclusions on concrete mix optimization technique for service life of RC structures under carbonation using genetic algorithm are as follows.
(1) Based on the previous experimental results, fitness function for CO 2 diffusion coefficient containing the variables like mix proportions (w/c ratio, unit content of cement, sand/aggregate ratio, and unit content of coarse aggregate) and R.H. (relative humidity) is derived. Through consideration of the parameters of R.H., variation of relative errors decreases.
(2) Through GA technique, three concrete mix proportions are simulated for verification. The simulated results provide below 10.1% of relative errors for each mix component such as w/c ratio, unit content of cement, sand ratio to total aggregate, and unit content of coarse aggregate.
(3) Assuming the exposure conditions of carbonation and design parameters, intended diffusion coefficients are determined and optimum concrete mix proportions which satisfy intended service life are obtained through GA technique. The results from this study are only applicable to OPC concrete. If data-set with mineral and chemical admixtures is prepared, this technique can be applied more widely to durability design for RC structures under carbonation.
